PURPOSE. We evaluated and compared the ability of a new method for measuring hemoglobin (Hb) levels at the optic nerve head (ONH) to that of visual field evaluation, scanning laser ophthalmoscopy (HRT), scanning laser polarimetry (GDx), and optical coherence tomography (OCT) for diagnosing glaucoma.
RESULTS.
The glaucoma discriminant function (GDF) of the Laguna program, evaluating Hb in the vertical intermediate sectors and center/periphery Hb amount slope, yielded an 89.1% sensitivity and 95.1% specificity, which was superior or similar to the other tests. The best GDF diagnostic agreement was for the OCT-vertical cup-to-disc (C/D) ratio (kappa ¼ 0.772) and the final phase Spark pattern SD (kappa ¼ 0.672). Hb levels correlated strongly with the Spark mean sensitivity (first phase 0.70, final phase 0.71). Hb also correlated well with the Reinhard OW Burk discriminant function of the HRT (0.56), nerve fiber indicator of GDx (À0.64), and vertical C/D ratio of OCT (0.71).
CONCLUSIONS. Hb levels evaluated by color analysis of ONH photographs had high reproducibility, a high sensitivityspecificity balance, and moderate to strong agreement with other structural and functional tests. (Invest Ophthalmol Vis Sci. 2013;54:482-489) DOI:10.1167/iovs. T he idea of measuring oxygen saturation in the retinal vessels is not new. [1] [2] [3] [4] [5] [6] [7] Khoobehi et al. analyzed different points of the spectrum (hyperspectral analysis) to measure changes in oxygen saturation in anesthetized animals. 8 From a practical point of view, Michelson et al. observed a reduction in arteriolar oxygen saturation of the optic nerve head (ONH) of eyes with low-tension glaucoma, but not those with primary open angle glaucoma (POAG) associated with ocular hypertension. 9 Stefansson et al. observed that carbonic anhydrase inhibitors seem to increase oxygen saturation of the ONH. 10, 11 Although a subsequent investigation did not confirm this effect clearly, 12 the increased oxygenation induced by carbonic anhydrase inhibitors could be due to increased blood flow. 13 Surgical reduction of ocular pressure seems to have no effect on ONH oxygenation levels. 14 Recently, Denniss et al. captured hyperspectral images in human subjects in vivo. 15 They observed that some differential light absorption values correlated well with visual sensitivity in POAG.
All these methods fail to take into account, however, the volume of blood in which the oxygen saturation is being evaluated. Tissue perfusion depends on various factors, such as blood volume, blood velocity, and the degree of oxygenation, but the reduction in oxygenation is moderate in glaucoma. 9 Delori measured the reflectance spectrum of the ONH and studied the variables that affect the measurement of the existing blood volume. 16 Sebag et al. estimated ONH blood volume in a cat, 17 and Crittin et al. pointed out that reflectance changes at the ONH may be due to changes in the hemoglobin (Hb) amount. 18 Although these three studies may be considered as the groundwork suggesting the possibility of measuring blood volume using reflectometry, they did not describe practical methods to measure the amount of Hb in the ONH in humans, compensating for lens absorption and diffusion, as well as changes in the intensity and spectral composition of the light used for illumination. We did not measure blood perfusion at the ONH. Our objective was to design a method, which we called the ''Laguna ON h E'' (optic nerve hemoglobin), to measure the amount of Hb at the ONH using conventional fundus photographs that compensates for the aforementioned variables. The Laguna ON h E may be used as an objective tool to differentiate between normal and glaucomatous optic neuropathy in clinical practice.
METHODS
The study protocol adhered to the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of the University Hospital of the Canary Islands. The participants were informed about the study objectives and signed informed consent was obtained from all of them.
A sample of 102 healthy eyes and 103 glaucomatous eyes were selected consecutively and prospectively. Normal eyes were recruited from patients referred for refraction who underwent routine examination without abnormal ocular findings, hospital staff, and relatives of patients in our hospital. Patients with glaucoma were enrolled from the Department of Ophthalmology of the University Hospital of the Canary Islands, Tenerife, Spain. One eye from each subject was chosen randomly for the study, unless only one eye met the inclusion criteria.
Eligible subjects had to have a best-corrected visual acuity of 20/40 or better, refractive error within 65.00 diopters equivalent sphere, and 62 diopters astigmatism, and an open anterior chamber angle. Individuals with diabetes or other systemic diseases that could affect vision or history of neurologic disease were excluded from the study. The presence of cataract was not considered a criterion for exclusion a priori. Age, and previous cataract and glaucoma surgery were not criteria for exclusion.
Study Protocol
Participants underwent a full ophthalmologic examination, including clinical history, visual acuity, biomicroscopy of the anterior segment using a slit-lamp, IOP measurement, and ophthalmoscopy of the posterior segment.
All glaucoma patients had perimetric assessment, having undergone at least two previous examinations. Normal subjects were examined twice, on successive days. The new white-on-white Spark strategy was used in an Easyfield perimeter (Oculus Optikgeräte GmbH, Wetzlar, Germany). The Spark strategy performs the examination in four phases. In the first phase, the threshold values are estimated on the basis of examining only six points. [19] [20] [21] After this first phase, three more estimates are made. Finally, all points are examined one or more times. Once the four threshold estimates have been obtained, their median value is calculated. An abnormal perimetry was defined as a reproducible glaucomatous visual field loss in the absence of any other abnormalities to explain the defect. A visual field loss was considered as a pattern standard deviation (PSD) elevated significantly beyond the 5% level.
Photographs of the optic disc were obtained using a Nidek AFC-210 non-mydriatic fundus retinograph (Nidek Co, Ltd., Gamagori, Aichi, Japan) and a Canon EOS 5D Mark II body camera (Canon, Inc., Lake Success, NY). Similar to the human eye, the sensor of a photographic camera does not read a single wavelength. It usually combines three image sensors that register polychromatic images, but with a preferred absorption for some short, medium, or long wavelengths. The Laguna ON h E program analyzed three spectral components of ONH photographs: blue (B), green (G), and red (R). The ONH areas with high Hb content, mainly reflect red light. In contrast, areas with a low Hb content reflect a lower proportion of the red component compared to the green and blue light. Using different concentrations or different thicknesses of various red blood cell dilutions, it may be established experimentally that the photographic images obtained with this technique can be used to determine the amount of Hb. Based on the reflected amounts of red, green, and blue light, the results of several formulas, such as R -
, were almost linearly proportional to the amount of Hb present (Fig. 1 ).
The Laguna ON h E program used mathematical algorithms for automatic component segmentation to perform a semiautomatic delimitation of the ONH border and to identify the central retinal vessels. Thus, two areas of the ONH were defined: the central retinal vessels and the ONH tissue itself. The formulas then were calculated at those pixels corresponding to the vessels as a whole and for every isolated pixel of tissue. The result obtained for the vessels was used as the reference value for calculating the Hb content in the tissue. For example, for the R -G formula, the R -G difference was calculated for the tissue, then divided by the R -G value for the vessels and the result was multiplied by 100. 22 Finally, the influence of the lens status was compensated for by analyzing the differences between the green and blue components before calculating the results of the Hb amount. The blue, green, and red components were assessed with an image analysis program with the Matlab image processing toolbox (The MathWorks, Inc., Natick, MA).
Topographic analysis of the ONH was performed using a confocal scanning laser ophthalmoscope (HRT), the Heidelberg retina tomograph (HRT3; Heidelberg Engineering, Heidelberg, Germany). After keratometric readings were entered into the software, topographic images were obtained through undilated pupils and analyzed using the Advanced Glaucoma Analysis 3.0 software. All scans had to have an interscan SD of less than 30 lm. The same glaucoma specialist traced the margin of the optic disc, defining the inner edge of the Elschnig's ring with at least a four-point contour line. The scanning laser polarimetries (GDx) were performed with the GDx-VCC (variable corneal compensation; Carl Zeiss Meditec, Dublin, CA). After macular scanning, the axis and magnitude of anterior segment birefringence were estimated from the measured macular retardation profile. Retinal polarization images then were obtained and compensated for automatically using the GDx-VCC software. At least one scan of acceptable quality (well focused and centered scans with a quality report ‡7) was obtained for each eye, and placement of the optic disc margin was confirmed by a trained ophthalmologist.
The peripapillary retinal nerve fiber layer (RNFL) thickness and ONH parameters (rim area, disc area, cup volume, mean cup-to-disc [C/ D] ratio, and vertical C/D ratio) were measured using the optic disc cube 200 3 200 acquisition protocol (software version 5.2) of the Cirrus spectral-domain optical coherence tomography (OCT; Carl Zeiss Meditec). Left eye data were converted to a right eye format. All images were acquired with a quality greater than 6/10.
All the ophthalmic examinations, perimetry tests, and morphologic evaluation were performed within 1 month from the subject's date of enrollment into the study. 
Classification into Groups
Healthy eyes had an IOP of less than 21 mm Hg, no history of increased IOP, normal optic disc morphology, and normal visual field results. The glaucoma group comprised subjects with POAG, pseudoexfoliative glaucoma, and pigmentary glaucoma. Glaucomatous eyes had focal (localized notching) and/or diffuse neuroretinal rim narrowing with concentric enlargement of the optic cup, and/or abnormal perimetry, regardless of the IOP values.
Statistical Analysis
All statistical analyses were performed using the IBM SPSS (version 17.0; IBM Corp., Somers, NY) statistical software and MedCalc (version 7.3; MedCalc Software, Mariakerke, Belgium). The areas under the receiver operating characteristic curves (AUCs) were calculated for all parameters of every test. Sensitivities at a fixed specificity of 95% (5% false positive rate) were compared between the parameters with the largest AUCs. Diagnostic agreement between the parameters with high diagnostic ability for each test was evaluated by the kappa statistic.
After checking for a normal distribution of the variables, Pearson correlations also were calculated between the structural and functional parameters.
RESULTS
One-eighth (12%) of the cases had associated cataracts, but only two cases with excessively blurred images were eliminated from the study. We analyzed 102 normal eyes and 101 eyes in the glaucoma group. Mean deviation (MD) 6 SD of Spark perimetry was 0.38 6 0.9 decibels (dB) in healthy subjects and À9.30 6 9.3 dB in the glaucoma group (Table 1) . Figure 2 shows two examples of normal and glaucomatous papilla, and the corresponding pseudo-images indicating the Hb levels. Because ONH fundus photographs are two dimensional images, it is not possible to obtain automatically an accurate segmentation between the actual neuroretinal rim and the cupping. Thus, the whole optic disc was divided into 3 concentric rings, and each ring also was divided into 8 sectors (Fig. 3) . The outer ring mostly aligns with the neuroretinal rim, the medium ring would be the transitional area, which may include the neuroretinal rim and cupping, and the inner rim mainly comprises the cup area. The vertical sectors showed the greatest difference in Hb amount between the healthy eyes and the glaucoma group, especially sectors 8 and 20 (P < 0.001). In particular, mean Hb amount in the pixels of these sectors (8 and 20) presented an AUC of 0.89, with 66% sensitivity at 95% specificity (P < 0.001, Table 2 ).
Mean Hb amount was calculated in: (1) sectors 9 and 21, (2) sectors 8 and 20, and (3) sectors 7, 10, 13, 16, and 19. Hb levels generally decreased from the periphery towards the center, that is from (1) to (3). Thus, the resulting slope correlated with the OCT vertical C/D ratio of 0.50 (P < 0.001). The Laguna ON h E program uses an index called the Glaucoma Discriminant Function (GDF), which combines the slope of Hb amount with the mean in sectors 8 and 20. The GDF yielded 89% sensitivity at 95% specificity (P < 0.001, AUC ¼ 0.97, Table  2 ).
Diagnostic agreement (kappa) between Hb-GDF, and the morphologic and functional parameters ranged between 0.474 for the Reinhard OW Burk (RB) discriminant function of HRT3, 0.672 for the final phase PSD of Spark, and 0.772 for the vertical C/D ratio of Cirrus OCT (Table 3 ). The poorest agreement between morphologic parameters was between the mean RNFL thickness of Cirrus OCT and the RB discriminant function of HRT3 (kappa ¼ 0.553), while the best agreement was between the vertical C/D ratio of Cirrus and the global FIGURE 3. The image of the papilla was divided automatically into eight 458 radial sectors, and 2 concentric rings also were defined using 1/3 and 2/3 of the disc radius. Differences in Hb content in the 24 sectors of the optic disc (P value) between the group of normal subjects and the glaucoma group. NAS, nasal; TEM, temporal. Specificity as close to 95% as possible was selected. The cut-off point value and sensitivities also were calculated. SE, standard error of the AUC; NFI ¼ Nerve Fiber Indicator; GPS ¼ global glaucoma probability score.
Glaucoma Probability Score of HRT3 (kappa ¼ 0.747). The diagnostic agreement between MD and PSD Spark final phase was 0.910.
In the majority of cases when the value of Hb-GDF exceeded 0, at which point its specificity approaches 95%, the value of MD was higher than À3 dB. In many cases, however, when MD was lower than À3 dB, Hb-GFD clearly was abnormal (value lower than 0, Fig. 4) . The same occurred with the other morphologic parameters. Mean Hb in sectors 8 and 20 was highly linearly correlated with functional and morphologic variables (Table 4) , namely with the Spark mean sensitivity for the initial (0.70) and final (0.71) phases, and À0.59 and À0.62 with the respective values of PSD. Regarding HRT3, the correlation was 0.56 with the RB discriminant function and À0.68 for the glaucoma probability score. When the nerve fiber indicator of GDx was À0.64, the mean RNFL thickness of OCT was 0.66 and the vertical C/D ratio was À0.71. The correlation between the first (37 seconds) and final (2 minutes and 52 seconds) phases of Spark was 0.98 for MD and 0.96 for PSD.
Mean Hb in sector 8 had a correlation coefficient of 0.68 with Spark mean sensitivity of the upper hemifield, and mean Hb of sector 20 had a correlation coefficient of 0.69 with Spark mean sensitivity of the inferior hemifield. Although a linear regression analysis was performed, the relationship was linear between the morphologic indices and Hb, and curvilinear between them and the perimetry values (Fig. 5) .
The test-retest correlation in normal subjects was the same (r ¼ 0.96) for Hb amount, vertical C/D ratio of OCT, and the nerve fiber indicator of GDx, but the coefficients of variation for these three indices were 3.0%, 5.5%, and 9.0% respectively.
DISCUSSION
Unlike other regions of the posterior pole of the eye, the ONH contains a significant amount of just one pigment, Hb, which is responsible for its particular color. Another peculiar feature of the ONH tissue observed with an ophthalmoscope or visualized with a fundus camera (retinograph) is a relatively thin layer over a white background, which comprises myelin surrounding the nerve fiber axons beyond the lamina cribrosa. For these reasons, the ONH color essentially depends on the Hb it contains.
Systems for fundus imaging measure the amount of light reflected at different wavelengths. For example, a detector that captures three images, one centered on spectral component blue, another on green, and another on red, reveals that in areas with high Hb content, most of the light reflected is red, less is green, and even less is blue. In contrast, in areas with a low Hb content, green and blue light is largely reflected.
When the intensity of reflected light is measured on a scale, for example from 0 to 255 (Fig. 6) , the characteristics of each specific area of the image may be observed: arteries reflect more red, much less green, and even less blue (Fig. 6, row 1) . Veins reflect less red than arteries, and very little blue and green at similar amounts, because the venous blood is less oxygenated (Fig. 6, row 2) . Some tissue regions, which may have good perfusion, such as the neuroretinal rim, reflect more green and blue than the central retinal vessels, because they have less Hb (Fig. 6, row 3) . Thus, in areas with atrophy or poorly vascularized tissue (excavation or cupping), the proportion of reflected G and B increases (Fig. 6, row 4) , and this is perceived in the image as whitening.
To obtain absolute and reproducible results for the ONH, a reference pattern is needed because the results of the formulas depend not only on the amount of Hb, but also on the intensity and spectral composition of the illuminating light, and lens absorption, which mostly affects very short wavelengths (i.e., violet-blue) and to a lesser extent green. The reference value must be obtained inside the eye, and subject to the same variables. We found such a reference value, obtained from the central retinal vessels on their way through the ONH. Hb may be measured at each point or sector of the ONH using the same formula (F) to define the chromatic characteristics of the tissue (FT) and the reference vessels (FV). The amount of Hb at each point of the tissue is expressed as: (FT/FV) 3 100. 22 
. When the Hb-GDF was higher than 0, the MD of Spark perimetry generally was normal, but in some cases MD was normal and Hb-GDF was less than 0. Healthy subjects are represented by the x's and glaucoma patients are represented by the circles.
The loss of lens transparency due to cataracts, however, also produces diffusion of light in fundus images. This produces an increase in the green component of the vessels due to light coming from the tissue. These changes can be observed in the RGB histogram. In the vessels of patients with cataracts, the distance between the red and green components shortens, while the distance between blue and green increases. After cataract surgery, the blue value increases and the green value decreases as a consequence of the reduced diffusion, which increases the distance between red and green.
An equivalent phenomenon occurs in ONH tissue. In patients with cataracts, diffusion, and absorption of green and blue increase the distances between red and green, and between red and blue in the tissue. The diffusion of light from vessels also contributes to the increase of red in this tissue. If this is not corrected for, the relative redness of the image may lead to an overestimation of Hb content in the tissue. After cataract surgery, the differences between red and green, and between red and blue decrease, and, therefore, the area appears, correctly, whiter.
Because both effects of lens deterioration (on vessels and on tissue) are proportional, when measuring the differences between the distances of green and blue at the corresponding pixels to vessels, the extent of this absorption-diffusion effect on the tissue may be estimated. In this way, we can compensate for its effect on the Hb estimation.
Optic nerve perfusion basically depends on three factors: Hb content, blood flow rate, and oxygen saturation. When there are a few different types of tissue in the region of interest, and the intention is not to measure total perfusion but rather to determine oxygenation changes over time, it is useful to measure two or more wavelengths where oxy-and deoxyHb show the same and different absorbance. We believe that this measure of Hb content provides more information. This method had high reproducibility, good diagnostic capability, and diagnostic agreement with other morphologic procedures, similar to that when such procedures are mutually compared. ONH Hb correlated well with most of the morphologic and functional indices of POAG. Nevertheless, the high variability of normal human optic disc morphology (different disc sizes and distribution of the RNFL bundles in the ONH), as well as refractive errors may affect measurement accuracy. Clinicians should take into account this limitation when using this method, as well as other imaging technologies, such as HRT, GDx, and OCT. The authors of a recent study remarked that most of the techniques used to measure ocular blood flow (color Doppler imaging, confocal scanning laser ophthalmoscopic angiography with fluorescein and indocyanine green dye, laser blood flowmetry, scanning laser Doppler flowmetry, and retinal photographic oximetry) are not used habitually in clinical practice. 23 We believe that the availability of this new method, Laguna ON h E, might change this tendency. The technique is relatively easy to apply and the majority of eye clinics already possess the required equipment, but each camera requires a specific correction of the function based on measurements acquired from a series of healthy subjects.
Laguna ON h E also appears to have very promising applications in other lines of research. It remains to be demonstrated whether reduced perfusion precedes functional defects, tissue atrophy, and visual alterations. Although the diagnostic frequency of Hb-GDF suggests that this is so, longterm studies to verify this are required. Further, the method could be used to investigate whether perfusion changes are associated with IOP modifications (either medical or surgical), as well as early defects that then would lead to tissue atrophy and the corresponding functional defect. It also could be used to investigate possible perfusion defects of the optic nerve in patients with sleep apnea 24, 25 and the influence of hypercapnia on perfusion. 26 Our study may be the start of a new avenue of glaucoma research. These initial promising results should be confirmed and extended by other groups of investigators.
